ABSTRACT In Hydractinia, a colonial marine hydroid representing the basal phylum Cnidaria, Wnt signaling plays a major role in the specification of the primary body axis in embryogenesis and in the establishment of the oral pole during metamorphosis. Here we report supplementing investigations on head regeneration and bud formation in post-metamorphic development. Head and bud formation were accompanied by the expression of Wnt, frizzled and Tcf. Activation of Wnt signaling by blocking GSK-3β affected regeneration, the patterning of growing polyps and the asexual formation of new polyps in the colony. In the presence of lithium ions or paullones, gastric segments excised from adult polyps showed reversal of tissue polarity as they frequently regenerated heads at both ends. Phorbol myristate acetate, a known activator of protein kinase C increased this effect. Global activation of the Wnt pathway caused growing polyps to form ectopic tentacles and additional heads along their body column. Repeated treatment of colonies evoked the emergence of many and dramatically oversized bud fields along the circumference of the colony. These giant fields fell apart into smaller sub-fields, which gave rise to arrays of multiheaded polyps. We interpret the morphogenetic effects of blocking GSK-3β as reflecting increase in positional value in terms of positional information and activation of Wnt target genes in molecular terms.
Introduction
In Hydractinia Wnt signaling specifies primary axis formation in embryogenesis and governs subsequent patterning along the body axis in the developing planula larva and again during metamorphosis of the larva into a primary polyp . Ectopic activation of the Wnt pathway using lithium or paullones, specific inhibitors of the serine-threonine kinase known as glycogen-synthase kinase GSK-3β (Wodarz and Nusse, 1998; Frame and Cohen, 2001; Jope and Johnson, 2004; Cadigan and Liu, 2006) , resulted in axis multiplication by creating prospective supernumerary oral axis points in the embryo.
Hydractinia is a colonial species. The primary polyp that arises from the metamorphosing planula sprouts tube-shaped stolons at its base. These elongate, branch and form a network of channels. The stolonal network eventually transforms to a mat-like stolon plate consisting of double-layered ectoderm sandwiching the endodermal channel network (Fig. 1) . New polyps emerge along these channels in more or less regular intervals and distances, which are controlled by lateral inhibition emerging from existing polyp heads (Plickert et al., 1987) . The stolon plate continues to bud new polyps in its periphery at some distance from the margin, which advances by continuous planar growth on the substratum. The newly emerging polyps can only form after an oral-aboral axis has been set up de novo perpendicular to the plane of the stolonal network.
The body column of cnidarian polyps, once established during budding, preserves the capability of forming head structures and thus retains organizing potential. Regeneration of a head occurs if the apical part of the polyps has been lost. In each polyp, the capability of restoring head structures is graded down the body column. This graded property is frequently referred to and corre-in the ectoderm and some few cells resembling interstitial stem cells in the endoderm (Figs. 3, 4, 5) . As observed for frizzled, transcripts of Wnt occur also in differentiating stem cells in a broad belt-like region in the middle to lower body column of adult polyps (Fig. 4) .
Expression patterns during de novo secondary axis formation were studied in induced polyp budding. To avoid unpredictable influences of feeding, we used unfed, 3-day post metamorphic animals (see Fig. 1 ) and excised the polyp from the stolons. Normally, the stolons of primary polyps of Hydractinia form secondary polyps only after feeding when the stolons have grown out (Müller and Plickert, unpublished observations) . Upon disconnecting the polyp from the stolons, the source of an inhibitory signal in spacing control (i.e. the polyp head) is removed (Plickert et al., 1987) . Stolons without polyps began to bud a new polyp within 12 to 24 h, irrespective of their length. Buds emerge as local thickenings of the stolon. They expressed Wnt and Tcf locally, while frizzled displayed a more ubiquitous intense expression (Fig. 6) . Frizzled expression continued in the endoderm although with decreasing intensity. Occasionally, a patch of more intensely stained cells was observed in the area of the future mouth. Likewise, regeneration was associated with transient expression of these genes. Samples of decapitated or bisected polyps were fixed at various time points of the regeneration process and subjected to in situ hybridization. Transcripts of Wnt, Tcf and frizzled occurred as early as 30 minutes after sectioning at both wound surfaces (Figs. 7, 8) . Expression of all three genes ceased after 6 hours in the upper polyp part which completes wound healing without proceding to regenerate the lost part of the body column while Tcf and frizzled maintained expression in the lower lated with a gradient of positional value (Müller, 1990; 1996; Wolpert, 1998; Broun and Bode, 2002; Berking, 2003; Bode, 2003; Reinhardt et al., 2004; Broun et al., 2005; Guder et al., 2006; Augustin et al., 2006) . Moreover, the local positional value determines which region-specific structures will actually be realized along the body column. A certain sub-maximal value, for instance, is associated with tentacle formation.
Here we investigate the effects of GSK-3β inhibitors and thus the role of Wnt-signaling, in post-metamorphic development, in particular on head formation during secondary axis formation in budding and regeneration.
Results

Head formation in metamorphosis, budding and regeneration starts with expression of Wnt, frizzled and Tcf
The basic body organization of a polyp is established for the first time during metamorphosis of the planula larva into a primary polyp. Fig. 2 shows expression domains of Wnt3, Tcf and frizzled in late metamorphosis when features of a primary polyp have become evident. The Wnt-expressing domain is initially restricted to the ecto-and endoderm of the oral pole encircling the mouth opening. Tcf transcripts are observed in ecto-and endoderm of the mouth region but also, though less abundantly, distributed in a gradient down the body column. Transcripts of frizzled remain ubiquitously present in the endoderm of the entire body column but appear in high concentration also in a subset of, presumably differentiating, stem cells in the ectoderm (Fig. 4 B) Gonophores, phylogenetic relicts of medusae, display a tiny Wnt-expressing spot Hydractinia echinata displays polymorphism of polyps. In maturing colonies a new type of polyps, the sexual polyps, arises. These polyps, also known as gonozooids or blastostyles, bud ball-shaped containers for germ cells, called gonophores. In terms of their evolutionary origin, gonophores are relicts of medusae. In Hydractinia they remain sessile (in contrast to the situation in the sister genus Podocoryne where free swimming medusae detach from the gonozooids) and are structurally reduced to serve as gonads (Fig. 9 A) . Surprisingly, a small spot of Wnt expressing cells is also seen on all the gonophores of sexual polyps. A corresponding Tcf or frizzled expressing spot was not observed but the Hydractinia brachyury is expressed in just the same cells (Fig. 9 B) .
Upon treatment with paullones, isolated stolons produced more polyps
The method to induce budding by disconnecting stolons from primary polyps (s. above) was used to verify the supposed budding-promoting effect of GSK-3β inhibitors. Treatment of stolons from which polyps were removed with low doses of alsterpaullone (0.05 µM) for 24 h led to an initial delay of the anticipated budding activity but the treated stolons eventually surpassed the untreated controls in budding activity. Forty-eight h after their disconnection and 24 h after the release of the GSK-3β blockage, 92% of the treated stolons (n = 167) bore at least one bud, compared to 68% of the untreated stolons (n = 106). The difference was highly significant (Fisher Exact χ 2 test with Yates correction, p < 0.001).
Upon iterated treatment with paullones colonies formed
ing that of normal buds by several hundred fold. Eventually, these enlarged buds split into smaller ones, which gave rise to series of polyps, many of which were bi-or multi-headed ( Fig. 10 ).
GSK-3β β β β β inhibition induces bipolar head regeneration; PKC activation enhances this effect synergistically
In full-grown adult polyps the capacity to regenerate is unidirectional: excised polyps fail to regenerate the missing lower body column and stolon tissue. Isolated gastric segments replace the removed head but do not regenerate the aboral part (Müller et al., 1986 ). Here we examined the effect of GSK-3β inhibitors on head regeneration. In one experiment colonies collected from Galway Bay, Ireland, Atlantic, were used and the GSK-3β inhibitor chosen was lithium.
Thirty polyps were excised from sexually mature colonies and giant buds that gave rise to arrays of multi-headed polyps In this experiment, the effect of paullones on budding activity was examined using daily fed colonies to enable repeated treatments in prolonged experiments. No polyps were removed to increase budding activity. Colonies of two different clones were repeatedly treated with low doses (0.05 to 0.1 µM) of azakenpaullone or alsterpaullone at intervals of 1-3 days for about 18 h per treatment. After 10 incubations treatment was stopped. A first, unusual, symptom was the emergence of many, oversized polyp buds (Fig.  10 ) occurring after the fifth treatment. In the following days, arrays of buds formed in a circular manner, with most of them appearing at the periphery, at short distances from the edge of the stolon plate. Most conspicuous was the enormous size of these buds, their sizes surpass- immediately thereafter incubated in 28 mM LiCl in seawater for 24 h. They were then washed for several times in filtered seawater and further cultured in seawater under normal conditions. Thirty excised polyps from the same colony were left untreated as control. About 80% of the lithium treated polyps regenerated a second head at their aboral pole (Fig. 11 A) , while none of the control polyps did so. Instead, they healed the wound resulting from their excision and did not show any sign of neither stolon nor head growth at their aboral ends. The experiment was repeated for three times yielding similar results.
In a parallel experiment clones collected from the North Sea (near the Isles of Helgoland or Sylt, respectively) were used and the GSK-3β inhibitors chosen were paullones as well as Li + ions. A further aim of this study was to examine a potential synergism between GSK-3β inhibition and PKC activation.
The chosen wild-type clones proved to be rather insensitive to a single treatment with PMA, Li + , or paullones. Therefore, a different schedule of treatment consisting of a series of pretreatments was chosen, following a schedule that had successfully been applied in Hydra magnipapillata. Upon iterated treatment with the PKC activator PMA, Hydra transformed into multiheaded forms and lost the ability to form feet (Müller, 1989; 1990; 1991) .
Three colonies of a male and another three colonies of a female clone were pre-treated for 8 days before the polyps were isolated. Each colony consisted of > 200 polyps. A pair of a male and a female colony was daily treated with 15 nM alsterpaullone for 2 h, a second pair with 5 nM PMA and a third pair with 0.15 nM alsterpaullone + 5 nM PMA. The doses chosen were very low and the incubation time was short. Under these conditions no changes in the phenotype of the polyps and the growth pattern of the colonies were observed during this 8d-period of pre-treatment. But when segments were excised immediately after this period, bipolar head formation occurred (Fig. 11 B) . Compared to untreated controls bipolar head formation was slightly but significantly increased after pre-treatment of the colonies with the PKC activator PMA, stronger increased after treatment with alsterpaullone and strongest after exposure of colonies to a combination of PMA and paullone (Fig. 12) . The difference was significant at p<0.05 when all corresponding values were summarized. Thus, GSK-3β inhibition and PKC activation have synergistic effects with respect to bipolar head formation. No such synergism was observed with respect to multiple axis formation in embryogenesis (data not shown).
Gonozooids removed from treated colonies also formed bipolar regenerates with increased frequency. They regenerated the aboral head either in the gonozooid or in the gastrozooid phenotype, respectively (Fig. 11 B) . In order to probe for changes in gene expression in these experiments, polyps were excised from colonies, transferred to either DMSO or 0.25 µM alsterpaullone and bisected immediately. Oral and aboral polyp halves were allowed to start regeneration for 6 hours and then analysed for Wnt and Tcf expression. Tcf expression patterns were unaltered at this time point. Wnt expression was altered, since the oral ends of lower polyp halves now expressed Wnt (Fig. 13 D) . Half of the upper pieces (n=30) showed expression also at their aboral ends (Fig. 13 C) , while the other 50 % of alsterpaullone-treated upper pieces (Fig. 13 B) did not differ from DMSO-treated control pieces (Fig. 13 A) .
Fullgrown polyps developed ectopic tentacles and hypostomes
Several colonies belonging to different clones responded to periodic treatment with alsterpaullone (0.025 to 0.1 µM) with a change in the structure of extant polyps. Some of the already present polyps started to form additional heads and/or ectopic tentacles in the lower body column, indicating an increase in positional value (Fig. 14) . The multi-headed polyps were phenocopies of mutant clones described in previous reports (Müller, 2002; Müller et al., 2004a) . Growth of stolons ceased during this period. In two colonies the stolon plate began to regress in size with the edge retracted.
Discussion
In a previous study we have shown that activating downstream events of the Wnt pathway in metamorphosis causes a shift in opposing balanced developmental programs. Phenotypes resembled lithium-induced vegetalization in sea urchins: Planula larvae completed metamorphosis with an extended oral region whereas stolons were reduced in number and size. In terms of the concept of positional information (Müller, 1990; 1996; Wolpert, 1998; Broun and Bode, 2002; Berking, 2003; Bode, 2003; Reinhardt et al., 2004; Broun et al., 2005; Guder et al., 2006; Augustin et al., 2006) this imbalance of pattern formation along the body column reflects increase in positional value. Similarly, bipolar head regeneration as shown (Fig. 11 ) and the development of ectopic head structures in intact, growing polyps (Fig. 14) indicate increased positional value in the lower body column. Activation of the Wnt pathway leads to an increase in positional value and this formal interpretation readily includes budding.
These results are in line with earlier studies reporting that GSK3-β blockage elevates positional values in Cnidaria causing supernumerary head structures in Hydractinia (Müller et al., 2004) or ectopic tentacles and increased head induction capacity A and B) . The almost peripheral arrangement of the buds reflects normal patterns, as in the growth-dependent extension of the colony most new polyps arise in these newly formed peripheral region. In (C,D,E) multiheaded polyps are being formed by the giant buds. In (B,E) the enlarged bud tissue has been outlined.
in Hydra (Broun et al., 2005) . Alsterpaullone-treatment extended head associated expression domaines of HyTcf, HyBra and HyWnt to lower regions of the body column (Broun et al., 2005) . In Hydractinia, we observed elevated levels of Wnttranscription in alsterpaullone-treated regenerating upper polyp pieces even 6 h after sectioning (Fig. 13  C) . This possibly reflects beginning bipolar head regeneration observed in parallel experiments and indicates a role of Wnt signaling in establishing a second organizing center. Bipolar head regeneration, though not reported in Hydra vulgaris or Hydra magnipapillata, has been shown to be inducible by the GSK-3β inhibitor LiCl in Pelmatohydra robusta (Yasugi, 1974) . Therefore, we consider bipolar regeneration as a general effect of activated Wnt signaling by GSK-3β inhibitors, though the sensitivity for the treatment is clone-, strain-, or speciesspecific. A mathematical model for budding in Hydra predicted that the steepness of the gradient of positional value in the surrounding tissue decides whether the value will in-or decrease at a certain site (Berking, 2003) . Accordingly, the outcome of the experiments reported here is interpreted to reflect a modulation of the steepness of this gradient.
Regenerating polyp halves strongly expressed Wnt at both the oral and aboral cut surfaces but, in contrast to head-forming Hydra pieces , only for 0.5 to 3 hours. Expression of Wnt was also observed in Hydra at the aboral pole of upper body columns forming a foot (Hobmayer, personal communication) . Wnt expression in Hydractinia was similar to β-catenin expression in Hydra which peaked about one hour after sectioning but then dereased quickly . We observed absence of Wnt transcripts after six hours. This does not allow to conclude that Wnt protein was absent, too, at this site. In Hydractinia, both the oral and aboral wound healing tissues expressed initially Wnt and Tcf but only the oral ends of lower body column pieces regenerated heads. This indicates that control of tissue specificity at regeneration sites is not a direct function of transcriptional activity of Wnt, frizzled or Tcf. Wnt signaling depends also on genes controling intracellular transport of Wnt protein as an obligate prerequisite for secretion (Bänziger et al., 2006; Bartscherer et al., 2006) . Post-translational control mechanisms including signal release control may well be a further The polyps were removed from colonies and treated with 28 mM LiCl (A). Alternatively, colonies were exposed to low doses (15 nM) of alsterpaullone for 2 h per day for several times and then polyps were excised (B). Frequently, a second head was formed at the lower end of the excised polyp. (A) Bipolar feeding polyps (gastrozooids). (B) Sexual polyp regenerates. If sexual polyps (gonozooids) form a head at their lower end, it was frequently a head of a feeding polyp with long tentacles (red asterisks) instead of a gonozooid type hypostome (white asterisks).
critical step in specifying tissue fates after genes have been transiently active as a response to sectioning.
Budding of secondary polyps on stolons can be seen as a local increase of positional value from zero to maximum and as the establishment of a new center for axis formation. Remarkably, Wnt, frizzled and Tcf are expressed at the very beginning of bud formation. In Hydra, budding of daughter polyps starts with gene expression patterns similar to that seen in head regeneration and in putative head spots in aggregates Technau et al., 2000) . GSK-3β is a downstream element in the cascade, but its blockage led to the establishment of upstream Wnt-expressing centers. This positive feedback loop corresponds aslo well to previous studies (Holstein et al., 2003; Müller et al., 2004b) . Here we show that blockage of GSK-3β increases budding activity in terms of a novel experimental phenotype: not only more buds per stolon or per colony area are produced, but the size of the bud fields is tremendously enlarged. These enlarged buds behaved like classical morphogenetic fields as they fell apart into smaller fields; each of the separated fields acquiring the potency to form a complete structure, here a polyp. Several models of biological pattern formation predict such a behavior by simulation (e.g. Meinhardt and Gierer, 2000; Meinhardt, 2002; Berking, 2003) . Models also predict that regional identity along the oralaboral axis requires well-defined and graded positional values. As indicated by giant bud fields, stimulation of Wnt-signaling causes elevated positional values to extend over unusually broad areas. An equivalent effect of Wnt activation has been observed in primary polyps resulting from paullone-treated metamorphosis stages: ectopic tentacles formed all over the entire body column instead restricted to a normally narrow tentacle zone . In the same study it was also shown that Wnt activation caused regenerating planula larvae to convert prospective aboral into oral tissue quality. Similar tissue conversion occurred after blockage of GSK-3β at aboral wound surfaces of excised polyps.
We conclude that one important function of the activated Wnt/ GSK-3β pathway in Hydractinia is to control positional values as a positive regulating signal. Blockage of GSK-3β is proposed to flatten positional value gradients. Decreased gradient steepness consequently causes loss of precision in defining regional identities or in delimiting a bud field to its proper size. Since activators of PKC are also known to raise positional values (Müller, 1985; 1989; 1990; 1991) we examined a possible synergism between the Wnt pathway and PI-PKC based signaltransducing systems. Multiple axis formation during embryogenesis was evoked by GSK-3β inhibitors , but not by PKC activators DAG or PMA (data not shown). In contrast, synergistic effects of paullones and PMA indicate that both pathways interact in adult polyps. Most recent studies associate Wnt signaling and PKC activation with the non-canonical Wnt/ calcium pathway (reviewed by Kühl et al., 2000; Strutt, 2003 ) but this pathway is not known to depend on Wnt3. Several other authors assume a classic Wnt/Frizzled/G-protein/PLC complex that activates PKC via the release of DAG, IP 3 and Ca 2+ . The stimulated PKC would then inhibit GSK-3β through phosphorylation (Cook et al., 1996; Sheldahl et al., 1999; Liu et al., 2001; Malbon et al., 2001; Kohn and Moon, 2005; Quaiser et al., 2006) . Inhibition of GSK-3β by both PKC and paullones might be the common denominator in the synergism observed here.
With respect to Wnt expression at the oral tip of the oral-aboral axis in Cnidaria and around the blastopore in Anthozoa (Wikramanayake, 2003; Lee et al., 2006) and other Eumetazoa (Niehrs 1999; 2004; Holland et al., 2000; Holland, 2002) we propose a supplemental role of Wnt. The mouth associated expression domain suggests involvement of Wnt-signaling in the formation or maintenance of an opening, be it the blastopore in gastrulae (Holland et al., 2000; Holland, 2002; Lee et al., 2006) or the mouth of polyps and medusae. Likewise, the spot of Wntexpression in the ectodermal layer of the gonophore may not only mark the axis of the gonophore but also a potential opening. Ectodermal cells immigrate to form the glockenkern apically at the developing gonophores. In later stages ecto-and endoderm fuse and thus form a cryptic opening (Bunting 1894) . It is this site where the mature gonophore will release the gametes during spawning. A role of Wnt signaling in the formation of openings is supported by synexpression of brachyury, a gene which is usually active in tissues or cells immigrating during gastrulation or forming openings.
Materials and Methods
Culture of Hydractinia
Hydractinia was obtained from Galway Bay, The Atlantic Ocean, Ireland, or from the North Sea near the isles of Helgoland or Sylt, respectively. The animals are routinely cultured in our labs in artificial sea water (e.g., Frank et al., 2001; Müller, 2002; Plickert et al., 2003; Müller et al., 2004a) .
Handling of primary polyps, release of budding and regeneration
Planula larvae were induced to enter metamorphosis by a 3h, 100 mM CsCl treatment. They were allowed to settle on cover slips. After two days metamorphosis was complete and the resulting primary polyps sprouted tube-shaped stolons at their base. Normally these stolons bud secondary polyps only when the polyps are fed and the length of the growing stolons has surpassed a minimum distance from the primary polyp. The polyp exerts an inhibitory influence (lateral inhibition) on the formation of secondary polyps. Removal of the primary polyp permits bud formation on the remaining, decoupled stolons, previous to any feeding. For induction of bud formation, the primary polyp was completely removed, for induction of regeneration the polyps were merely decapitated.
Treatment with inhibitors of GSK-3
As inhibitors of GSK-3 lithium and paullones were used. Stock solutions of paullones were prepared in DMSO and stored at -20°C. Working solutions were prepared immediately before use. Stock solutions were first diluted with DMSO to obtain 1000x pre-dilutions. For treatment of the animals, 1µl of these DMSO solutions was added per ml of seawater, to obtain final working solutions containing the desired concentration of paullone and 1 ppm DMSO. Control samples were treated with 1 ppm DMSO. The specificity of paullones has been demonstrated previously in Hydractinia and other cnidarians (Broun et al., 2005; Teo et al., 2006 and literature therein) . Lithium was effective when used in the mM concentrations -results are shown from treatment with 28 mM.
In situ hybridization (ISH)
ISH was performed as described previously Teo et al., 2006) Digoxygenine-labeled sense and antisense RNA probes for in situ hybridization were generated from cDNA fragments cloned in a pGEMT-B C D A B A easy vector using T7 or SP6 RNA-polymerase as described . Hybridization was performed at 57°C.
